Abstract Drawn 304L stainless steel tubing was subjected to 42 different annealing heat treatments with the goal of initializing a microstructural model to select a heat treatment to soften the tubing from a hardness of 305 Knoop to 225-275 Knoop. The amount of recrystallization and grain size caused by 18 heat treatments were analyzed via optical microscopy and image analysis, revealing the full range of recrystallization from 0 to 100%. The formation of carbides during the longer duration and higher-temperature heat treatments was monitored via transmission electron microscope evaluation. The experimental results informed a model which includes recovery, recrystallization, and grain growth to predict microstructure and hardness. After initialization of the model, it was able to predict hardness with a R 2 value of 0.95 and recrystallization with an R 2 value of 0.99. The model was then utilized in the design and testing of a heat treatment to soften the tubing.
Introduction
Metals processing is designed to tailor the microstructure of the material to achieve the mechanical properties needed for a certain application. Modeling of materials processing to predict final microstructure and properties can cut down the time and cost required to develop process modifications. A model of static and dynamic recrystallization in metals was initially developed for use during forging operations [1, 2] and has been extended to apply to heataffected zones of welded parts with the goal of predicting material strength distributions [3] . This paper describes experiments to characterize the formation of a recrystallized microstructure in drawn 304L stainless steel under various furnace annealing conditions. First, the microstructural model was modified and optimized to use the experimental results. Next, the model was employed to design a heat treatment procedure to control the final hardness of stainless steel tubing.
The stainless tube was supplied with an average hardness of 305 ± 6 Knoop, while the required hardness was 225-275 Knoop. A tangled dislocation structure is beneficial in the final product in order to slow the diffusion of gaseous species through the tube walls, but it is also desirable that the material has higher ductility than it would in the fully cold-worked condition. The hardness range is a way to indirectly specify dislocation content, rather than primarily as a measure of required strength. Therefore, a partial annealing resulting in only recovery or partial recrystallization was desired.
Yang and Spruiell [4] asserted that the recrystallization start temperature of cold-worked austenitic stainless steel is dependent upon the stacking fault energy which is determined by the composition. It has also been shown that recrystallization temperature is governed by prior work history and heat treatment; the recrystallization temperature in 304L stainless steel has been found to range from 700 to 1000°C depending on these factors [5] . The commercially procured tube for which a heat treatment was designed in this study was produced through a drawing process, but the details of how much cold work had been imparted into the material were unknown outside of the evidence of an elevated hardness. Since unknown material histories are common in engineering applications, development of a predictive model for this material system is regarded as a valuable effort. The model parameters were initialized with respect to the hardness data as the amount of stored energy within the material was unknown.
Sigma phase and M23C6 are known to be detrimental to mechanical properties and can exist in multiple variants of 304L stainless steels given certain composition ranges and thermal histories [6] . Austenite normally decomposes first to carbides and then to intermetallic phases [7] . The detrimental M23C6 carbide forms below 850°C [5] at relatively short times (less than 1 h). The sigma phase precipitates very slowly (over several thousand hours) and does so directly from austenite [5] . However, if delta ferrite is present in the parent material, it can transform to sigma phase much more rapidly (1-10 h at 800°C) [8] . The development of these second phases is governed by different physical mechanisms than those that govern recovery, recrystallization, and grain growth and is therefore not captured in the constitutive model. The chemical composition of the 304L in this study was such that delta ferrite was not present, therefore sigma phase formation was not anticipated. However, M23C6 could form during the necessary heat treatment to decrease the hardness if the recrystallization start temperature proved to be below 850°C, and would not be predicted by the model.
Experimental Methods
The 304L SS tube material used in this study had a 3.18 mm (1/8 in) outer diameter with a wall thickness of 0.71 mm. Heat treatments were performed in both traditional furnaces and a Gleeble 3500 thermomechanical testing system to enable various controlled rates of heating and very exact short-duration tests. Both the traditional furnaces and Gleeble systems were evacuated and backfilled with inert gas to prevent reaction of the metal surfaces with oxygen. Samples for Gleeble tests were 2 in. long, with a 1-in. free span between the standard copper jaws. A control thermocouple was spot-welded to the tubing in the center of the free span. For hardness tests and metallographic analysis, Gleeble samples were transversely sectioned near the control thermocouple and then ground back to the plane containing the thermocouple so that the analysis was performed on the material corresponding to the position of the thermocouple, but away from the heataffected zone of the thermocouple. This type of sectioning is necessary on Gleeble samples because there is a temperature gradient along the sample from the thermocouple to the copper grips.
For Knoop hardness, samples were polished to a 0.3-micron finish. Indents were performed with a load of 200 gf held for 15 s. Samples were then electrolytically etched with ASTM etch #219 (60% HNO 3 , 40% water) for light microscopy. Light microscopy images were obtained for determination of grain size and recrystallization content. Percentage of recrystallization was quantified by manually selecting recrystallized grains using image analysis software on three randomly placed images from each sample. This analysis of three images allowed some measure of the standard deviation of the recrystallization. The area fraction covered by recrystallized grains was then used to approximate volume percent. Average Feret diameter from an average of 64 measurements was used to determine grain size on the same three images from each sample. Feret diameter was used instead of ASTM E-112 grain size in order to streamline comparison to the model. Scanning electron microscopy (SEM) and electron backscatter diffraction (EBSD) were performed on representative samples to confirm recrystallization percentage. Samples for EBSD analysis were prepared to a 0.04-micron finish via vibratory polishing. The EBSD examination was performed at 20 kV accelerating voltage with the sample tilted to a 70°angle. The step size in the EBSD measurements was 1 lm. EBSD determination of recrystallization volume fraction was calculated by setting the allowable misorientation angle in a recrystallized grain to a threshold value. This technique was first suggested by Field [9] , and the present work used a technique slightly modified from Lu et al. [10] . Non-recrystallized (i.e., cold-worked) grains have large internal misorientation angles, while recrystallized grains have very low angles. The cutoff misorientation angle was chosen by examining a sample heat-treated at high temperatures for sufficient time to ensure that the material was fully recrystallized. The maximum misorientation angle observed in the fully recrystallized sample was approximately 2°and was used as the threshold misorientation angle for designating a recrystallized grain.
Lastly, transmission electron microscopy (TEM) examination for detection of carbides was performed on foils thinned by focused ion beam (FIB) milling with a dualbeam FIB.
Results

Hardness
Heat treatments were performed at the temperatures and times plotted in Fig. 1 in a combination of traditional furnace and Gleeble tests. The Gleeble enabled the very short-duration (e.g., 3 s at temperature) tests which would be difficult or impossible to duplicate in a furnace environment. However, for the majority of samples, it was found that the effect of the heating and cooling rate on the samples was negligible since the bulk of microstructural changes occurs at the highest temperature. Therefore, whether the sample was heat-treated in the Gleeble or the furnace did not affect the final microstructural outcome. Consequently, the times plotted in Fig. 1 are the amount of time the sample was held at the heat treatment temperature, not including any heating time. All samples were then subjected to Knoop testing. The samples which fell within the specified hardness range of 225-275 Knoop are indicated by green triangles in Fig. 1 . Note that hardness within specification could be generated at temperatures ranging from 871 to 691°C at times ranging from 3 s to 1 h. Temperatures above 850°C were expected to avoid precipitation of undesired second phases, while longer times were preferred for reliable process control. A closer look at the microstructure was required to balance these competing goals and determine which would provide more favorable material properties. As discussed in the introduction, carbide formation is highly dependent upon the particular alloy and its thermomechanical history; therefore, it was unknown whether detrimental second phases would form in these samples in the times and temperatures being considered.
Optical Microscopy
The initial microstructure of the stainless steel tubes is shown in Fig. 2 . The equiaxed nature of the tube in both the transverse and longitudinal directions was unexpected, given the relatively high hardness. Further etching, as shown in Fig. 3a , or imaging under circular differential interference contrast revealed slip lines within the grains, providing evidence of prior deformation.
Recrystallization Content
Transverse sections of heat-treated samples are shown in Fig. 3 . The sample in Fig. 3a was held at 650°C for 1 h which caused a slight decrease in hardness, that in Fig. 3b was held at 718°C and caused the hardness to fall within specification, and that in Fig. 3c was held at 746°C and the hardness dropped to below specification. Note that no recrystallized grains are visible in Fig. 3a , indicating that the minimal hardness reduction in this sample was due primarily to static recovery. Figure 3b shows clusters of small recrystallized grains, but retains the majority of the material in the non-recrystallized state. The sample heattreated at 746°C for 1 h (Fig. 3c) contains larger recrystallized grains. The amounts of recrystallized material for each of these samples and the initial material as determined from optical microscopy are compared to their hardness values in Table 1 .
Grain Size
The stainless steel tubing used in this study had an initial grain size (average Feret diameter) of 27.5 lm. Recrystallization caused refinement of the microstructure, leading to final average grain diameters three to eight times smaller than the initial diameter. Recrystallized grain size measurements made on a fully recrystallized specimen are compared with a sample which has barely begun the recrystallization process in Fig. 4 .
EBSD
EBSD mapping was performed on three representative samples to confirm the recrystallization results obtained from optical measurements. The amount of recrystallization calculated from optical imaging is compared with that which was determined by EBSD and also compared to the hardness of each sample as shown in Table 2 . The results of the EBSD and optical measurements are in agreement within a range of ±6% recrystallization. The recrystallized material is obvious and easy to identify in the optical micrographs (e.g., Fig. 3 ), so the source of the relatively small discrepancy between optical and EBSD measurements could be due to several factors. Although the exact areas of analysis used in the two types of measurements were not the same, they were obtained from the same sample, so the natural variation in the amount of recrystallization could be considered as a source of the discrepancy. However, the samples with the ±6% recrystallization errors are the ones containing nominally 0% and nominally 100% recrystallization, meaning the sample was either completely unaffected by the heat treatment or completely recrystallized, essentially ruling out variation between the measurements due to position on the sample. Indeed, the sample that was partially recrystallized had the best correlation between EBSD and optical data.
The more likely source of error is in the EBSD technique as-performed. Mis-indexed points cause noisy data and can stem from problems with sample preparation or poor image quality. Image quality refers to the sharpness or blurriness of the edges of the Kikuchi band edges in the diffraction patterns gathered during EBSD mapping [11] , and it is dependent primarily upon the sample preparation and on the experimental setup used for EBSD mapping. Additionally, in order to map a relatively large area on these samples, a 1-micron step size was used, which affects the point-to-point misorientation values. The EBSD measurement was only used as a comparison for the optical measurements, and because the results were in agreement within a range of ±6% recrystallization, it was not deemed necessary to perform the detailed EBSD work which would be necessary to quantify the error in the EBSD measurements. 
Second-Phase Particles
Heat treatment experiments proved that the specified hardness could be achieved with both short time and hightemperature exposure as well as long time and lowertemperature heat treatments. However, concern remained regarding the formation of detrimental second-phase particles. Some of the heat-treated samples showed etch pits in optical microscopy which were suspected to be caused by carbides (Fig. 5) . The etch pits generally appeared within recrystallized grains and along the borders between recrystallized and unrecrystallized grains.
Further SEM investigation of these samples exposed two types of grain boundaries. Figure 6 arrow (a) shows ''new'' grain boundaries of recrystallized grains which have been chemically attacked by the etchant, while arrow (b) shows what appears to be prior grain boundaries which are decorated with etch pits. In some places, for example at arrow (b) in Fig. 6 , the precipitates appear to have pinned the grain boundary so that the boundary between the recrystallized and unrecrystallized grain remains the same as the proposed initial grain area. However, in other places, the recrystallized grain has broken free of the precipitates and engulfed the prior grain boundary, which appears to be continuous (for example, arrow d) in Fig. 6 ). TEM was performed to confirm this observation and determine whether the etch pits along the grain boundaries are caused by precipitates. Figure 7 is a TEM cross section of a ''new'' grain boundary, showing the grain boundary which has etched and slip bands in non-recrystallized grains which are also etched. The cross section shows no etched precipitates or carbides. Figure 8 is a TEM cross section through an area similar to that enclosed by box (c) in Fig. 6 , an area containing various prior grain boundaries. Several precipitates are visible along grain boundaries and also contained in the interior of recrystallized grains. Figure 8b is an EDS scan of the area boxed in part Fig. 8a , showing that the precipitates are chromium carbides.
All samples were examined for etch pits along prior grain boundaries. Based on this examination, the black line in Fig. 1 was drawn to indicate the temperatures and times of heat treatment to form chromium-vanadium carbides large enough to etch and be detected optically. It is likely that initial nucleation of carbides began at shorter times, but they were too small to be detected via etching and optical imaging.
Model Validation
In this work, the model in [1] was modified in a number of ways: The isotropic hardening variable was replaced with a variable representing the Knoop hardness; state variables were added to represent the average grain sizes for the recrystallized and unrecrystallized volume fractions, and their evolution rates were prescribed; the effects of these grain sizes on hardness were included; and the effects of static recovery were added. It is beyond the scope of this paper to describe the details of the model development.
The equations and parameters of the final model are listed in Table 3 .
The predicted values of recrystallized fraction, grain size, and hardness agree quite closely to the experimentally measured values. In the following figures, samples are labeled ''heating time''_''hold temperature''_''hold time.'' In Fig. 9 , experimental and simulated data from 14 different heat treatments are plotted in order of increasing amount of recrystallization.
In Fig. 10 , the recrystallized grain size as measured and predicted is plotted in terms of the Feret diameter. The model captures both the condition where recrystallization has just occurred and recrystallized grains are small and the larger recrystallized grains in samples where there has been some time for grain growth to occur. Figure 11 is a plot of the experimentally measured Knoop hardness compared with the simulated Knoop hardness. The Knoop hardness is the metric needed to solve the problem that generated this work, and it is encouragingly well predicted by the model. 
Final Heat Treatment Determination
The recrystallization model and the experimental data on carbide formation were used to optimize the ideal temperature, time, and furnace heating rate for the heat treatment to achieve a hardness of 250 Knoop (at the center of the desired range), while avoiding formation of detrimental carbides. Manufacturing constraints dictated that a furnace was used, rather than a rapid heating rate system. A hardness of 250 Knoop was predicted to correspond to 23% recrystallization, which could be achieved by ramping at 20°C per minute to 663°C, then 10°C per minute to 718°C, then holding for 16 min at 718°C, followed by removal from the furnace and air cooling. The particular ramp rates were optimized by the model based on the capabilities of the available furnace.
The final segment of the experimental work was carried out to reassure the investigators that variation within the heat treating process would not lead to tubing with hardness outside of the specification. Cut lengths of tube were loaded into a mesh tray in the large vacuum furnace. The furnace was surveyed with thermocouples to determine the maximum deviation from the desired temperature-time profile that any tube might experience. There was some slight deviation from the programmed temperature, as plotted in Fig. 12 . The data from the thermocouples were input into the model to predict the expected variation in hardness (see Fig. 13 ). The final predicted hardness values Knoop hardness grain size effect:
Grain size evolution: ranged between 258 and 262 Knoop, remaining within the specification. This gave confidence that all tubing would meet hardness requirements regardless of location in the furnace.
Discussion
The model matches the recrystallization data well; the R 2 value of 0.99 indicates that the recrystallization kinetics are adequately captured. Grain size is also well described by the model, with a R 2 value of 0.99. The model did not match the hardness data as well, although it is still good, with a R 2 value of 0.95. A possible explanation for the slight discrepancy between model and hardness data is that the assumption of a linear relation between yield strength and Knoop hardness is not a good one. Mataya et al. [12] measured the relationship between Rockwell A hardness and strength in 304L and found a nonlinear relationship. Further work could be done to explore this relationship in the Knoop scale.
As mentioned previously, recrystallization start temperatures for 304 L stainless steel have been reported to be anywhere from 700 to 1000°C [5] . From the available data, it appears that the recrystallization start temperature for this alloy with its initial deformation state imparted by the manufacture of the tubing is near 700°C. Table 1 and Fig. 3 show negligible recrystallization occurring at 650°C and definite recrystallization at 718°C. Figure 1 also illustrates that all samples subjected to temperatures below 700°C did not soften to within the specification, providing further evidence for a recrystallization temperature near 700°C. This result is in agreement with the recrystallization start temperature of 705°C from Lula [13] .
The material tested in this work is in the shape of a hollow tube with 3.18 mm (1/8 in) outer diameter with a wall thickness of 0.71 mm. This model is founded solely on the effects of the temperature and time on the microstructure based on the initial amount of deformation, so in the event that a more complex geometry or different heating cycle is desired, an initial modeling and/or experiments can be performed to predict the temperature and time which each area of the microstructure experiences. That data can then be fed into this model to predict the microstructure and hardness. This is the approach that was taken in [3] for a cup-shaped forging followed by a gas tungsten arc weld.
There are other microstructural processes that can occur during heating in addition to recrystallization and grain growth. In particular, in this microstructure, we have noted the formation of precipitates. Since precipitates are known to inhibit grain boundary motion [14] , we assume that grain growth of the unrecrystallized grains is inhibited and is therefore negligible compared to the reduction in size due to the nucleation and growth of recrystallized grains. Recrystallized grains tend to nucleate near the grain boundaries and form a necklace pattern around the remains of the old, unrecrystallized grains. Although the unrecrystallized grains shrink, it is assumed that the number of unrecrystallized grains does not change with time.
Similar work to understand the microstructural behavior of cold-worked austenitic stainless steels on heating has been performed by several researchers [15] [16] [17] [18] . In those cases, the ultimate goal was ultra-fine austenitic grains, so the starting material was highly cold-worked until stressinduced martensite was formed. The stress-induced martensite and retained austenite microstructure were then heated to revert the martensite to ultra-fine-grained austenite. Although reversion instead of recrystallization is occurring in these cases, a similar modeling approach to that used here could be used to enhance the process of creating a commercially viable ultra-fine-grained stainless steel alloy, although a model of transformation kinetics would be needed instead of a recrystallization model. 
Conclusions
An internal state variable model which tracks recrystallized volume fraction was modified to include the effects of grain size evolution and static recovery on the recrystallization process and the evolved hardness. The grain size, hardness, and recrystallization percentages measured from samples subjected to various heat treatments were compared to model predictions. The improved model along with experiments to determine how to avoid formation of detrimental M 23 C 6 precipitates was used to develop a robust heat treatment to soften stainless steel tubing. The modeling provided assurance that process variation such as furnace inhomogeneity would not produce parts outside of the required specification.
